Abstract: Surface-mounted permanent magnet (SPM) machines are preferred for high-speed aerospace applications over induction and switched reluctance machines, since they combine the advantages of high torque density and efficiency. Also, in aerospace applications, where low rotor weight and inertia are essential requirements, a permeable hollow shaft is proposed to replace the need for rotor back-iron and reduce the overall rotor weight. For rotor mechanical integrity, a retaining sleeve is commonly used, leading to thicker magnetic airgap. Furthermore, when permeable rotor endcaps are applied, an increase of the magnetic end leakage occurs, i.e. end-effect. In this paper, the influence of the rotor endcaps on the mechanical and electromagnetic performance of a high-speed SPM machine is investigated through 3D-finite element analyses (FEA). Also, different endcap thickness and different rotor shaft materials are investigated and compared in this work. Finally, a prototype of the SPM machine under study has been manufactured and tested. The comparison between simulation and experimental results is presented and discussed.
Introduction
High-speed electrical machines have been developed for many industrial applications, including turbochargers, turbo-compressors, engine electrification and aerospace [1] . These machines are asked to fulfil challenging electromagnetic and mechanical requirements at high temperature and high-speed operating conditions. In terms of power density, surface-mounted permanent magnet (SPM) machines are considered the most suitable candidates for such applications. Indeed, compared to induction, switched and synchronous reluctance machines they present higher torque density, lower electromagnetic losses and a rotor of acceptable mechanical integrity [2] . Usually, rotors with a permeable hollow shaft are commonly used, in order to fulfil low weight and inertia requirements, especially in aerospace applications. The permeable material used for the shaft performs the same magnetic function of the rotor back-iron, while ensures mechanical strength. For high speed applications, a retaining sleeve and rotor endcaps are mandatory to guarantee the rotor mechanical integrity. However, the retaining sleeve leads to a larger magnetic airgap, while the presence of permeable rotor endcaps increases the leakage flux at the front and back ends of the rotor. These end-effects lead to a reduction in the electromagnetic performance and therefore needs to be taken into account during the design stage [3]- [6] .
Analytical methods for modelling end-effect are proposed in [7] , [8] , while a lumped parameter circuit is used in [9] , for modelling the flux leakage paths in the end-region. The above methods can predict results relatively quickly, but with some limitation in terms of accuracy due to the assumptions on which they are built. Therefore, when a high confidence in the results is needed, the use of 3D-fininte element analysis (FEA) becomes mandatory despite the wellknown drawback of higher computational time. The influence of the end-effect on the electromagnetic performance has been investigated in several PM machines [10] [11] [12] [13] [14] [15] [16] [17] . In [10] , the end-effect in IPM and SPM machines is investigated. An analytical model of a SPM machine including the magnetic saturation and end-effect is presented in [11] . Moreover, 3D-FEA and 2D-FEA results of doubly salient machine are compared in order to examine the end-effect influence [12], [13] . A 3D-model of SFPM machine is developed and analyzed using lumped parameter circuit and 3D-FEA, and validated by experiments in [14]- [16] .
This paper investigates the influence of the leakage flux on the SPM machine performance, which is due to the rotor permeable endcaps. The electromagnetic performance characteristics, such as the open circuit results, electromagnetic torque and torque-speed characteristics, as well as the electromagnetic losses and efficiency are predicted using 2D-FEA and 3D-FEA. A comparison between 2D and 3D-FEA results is presented and discussed. Finally, the experimental results carried out on the prototyped machine are presented to assess the validity of the design.
SPM machine
An 8-pole SPM machine, designed for an aerospace application is investigated in this study. The permanent magnets are mounted on the rotor surface in a Quasi-Halbach configuration. The retention is given by a titanium sleeve holding the magnets on a hollow shaft made of permeable 17-4PH stainless steel. Endcaps are designed to maintain the rotor mechanical integrity at high-speeds [17, 18] . Fig. 1 shows the cross-section of SPM machine, and Table 1 lists its main design parameters.
The finite element (FE) model of the investigated machine has been created using the commercial package software (Infolytica MagNet). The adopted mesh used for the FE analysis is presented in Fig. 2 (a) . In order to improve the accuracy of the magnetic field computation in the air-gap (being the zone with the highest energy density), it is a common practice to subdivide the main airgap into several layers with a refined mesh. Finally, 2D and 3D time-stepping simulations are considered during this study.
Design consideration
PMs are mechanically weak and brittle [19] , hence a retaining sleeve is required for maintaining the circumferential stress below the yield strength of the PM material at maximum operating speed. Sleeves are normally applied with large interference fit to achieve the required retention. However, when the rotor is in standstill or at low speeds, the high interference fitted sleeve results in high compression, which axially stresses the PMs. To overcome such effect, shafts with endcaps are used to eliminate any axial strains due to the interference fitted sleeve [20] .
For high-speed, low weight SPM machines a hollow shaft is often proposed to reduce the overall machine weight and rotor inertia.
A permeable shaft is used to provide a rotor back-iron and enhance the magnetic flux production of the quasiHalbach permanent magnets. Despite the large axial length to outer diameter ratio of the motor, an end leakage flux arises, due to the permeable endcaps of the shaft [21] . Nevertheless, the torque reduction with such end leakage outweigh the torque reduction with non-permeable shaft. Table 2 presents the predicted average torque of the investigated machine with permeable and non-permeable shaft. Adopting a non-permeable shaft, the average torque is 8.84% lower compared to permeable shaft, when computed by 2D-FEA. Considering 3D-FEA, the torque difference between permeable and non-permeable shafts is equal to 6.64%. The 3D value is lower than the 2D one, due to the endleakage in the rotor, which is properly taken into account during the 3D-FEA. Despite the end-leakage in the rotor endcaps, the obtained results prove the benefit of using a permeable shaft, since the permeable material provides a magnetic path for the PM flux, which increases the developed torque. A permeable shaft with non-permeable endcaps might be used for minimizing the end-leakage. However, assembling separate endcaps to the shaft is a high precision manufacturing job. Indeed, a strong fixture is required to firmly install the endcaps and misalignment needs to be avoided. Therefore, a single shaft component is preferred for manufacturing and reliability purposes. To demonstrate the benefits of the rotor endcaps, Axisymmetric FEA structural analyses have been conducted on rotor with and without endcaps.
The PMs are placed around the shaft, whereas the sleeve is applied with 0.004 mm interference fit. Fig. 4 presents the axial deformation in the rotor with and without endcaps at 20krpm rotor speed. Axial deformation is avoided, when endcaps are included. Hence, endcaps prevent potential elastic and/or plastic deformations, which might lead to the PMs breakage during rotor assembly. It is worth noting the thickness of the endcaps does not affect the axial deformation since the mechanically stiff shaft steel provides support for the magnets even with very thin endcaps. However, relatively thick endcaps are normally selected due to manufacturability aspects.
To understand the electromagnetic aspect of the endcaps, three different magnetic steels with different B-H curves as shown in Fig. 5 (a) are investigated and compared. To ensure accuracy in terms of the considered material properties, different data sets of the BH curves were considered [22] . In addition, different endcap thicknesses are used to understand their influence on the electromagnetic performance. It can be seen that there is a significantly small change in the torque when the different material used for the shaft. Since the shaft provides enough magnetic path for the Quasi-Halbach magnets and the magnetic field in the endcaps are reaching the high end of the saturation. Therefore, magnetic stainless steel (17-4 PH) material which has the properties presented in Table 3 is selected for the hollow shaft. 
. The influence of different endcap material (a) B-H curves, (b) Torque versus endcap thickness
The accuracy of the material data was confirmed using the methodologies described in [22] . When considering this configuration, the torque reduces with the thickness of the endcaps as shown in Fig. 5 (b) . The percentage difference between the torque predicted by 2D-FEA and that by 3D-FEA for different endcap thicknesses is presented in Table 4 . From the results, it can be concluded that 3D-FEA in necessary for accurate estimation despite its time consuming nature. Since the difference in torque is less than 1% between the 1.5mm and 2.5mm endcap thicknesses, 2.5mm is selected in order to simplify the manufacturing process. 
Influence of endcaps on electromagnetic performance

Open circuit results
Fig. 6 (a) presents a comparison of the airgap flux density predicted by 2D-FEA and 3D-FEA. In 3D model, airgap flux density has been detected in two regions: a) at the middle of axial length and b) at one rotor end (inner edge of the front endcap). Lower amplitude and higher distortion of the airgap flux density is observed at the end of the machine, due to the influence of the end leakage. Considering the airgap flux density at the middle of the axial length, similar distribution is obtained for both 2D and 3D FEAs, although 3D-FEA distribution revels lower peaks, this is due to axial leakage in the 3D-FEA.
Likewise, lower back-EMF amplitude is found when 3D-FEA is considered as shown in Fig. 6 (b) , while slightly higher total harmonic distortion (THD) is observed, as reported in Fig. 6 (c) . The 1st harmonic reduction is a consequence of the end-leakage, due to the endcaps, while the higher THD is mainly given by the increase of the 3rd harmonic. In general, a double layer concentrated winding SPM machine with a 9/8 slot/pole combination inherently has a high 3rd harmonic in the back-EMF [23] . In the 2D FE analysis done here, the tooth tips of the machine are quite saturated, and this has the effect of partially suppressing the 3 rd harmonic. However, when the machine is analysed with a 3D FE model which also considers the end-effects, then this 2D effect is reduced and the 3 rd harmonic in the back-EMF becomes more visible.
Electromagnetic torque
The electromagnetic torque can be found by (1), where Nr, and Ψpm are the number of pole pairs and PM flux-linkage, respectively. Ld, Lq, Id and Iq are the d-and q-axis inductances and currents, respectively. = 6 (d) presents the electromagnetic torque of the SPM machine predicted by 2D-FEA and 3D-FEA, when a current of 80A is applied along the q-axis, while the d-axis current is equal to zero. Since the 2D-FEA does not take into account the endcaps influence, the average torque provided by 2D-FEA is 4.18% higher than the one determined by 3D-FEA. Considering the torque ripple, its value increases in the 3D-FEA, due to the higher back EMF harmonic content.
Influence of endcaps on torque-speed characteristics
The torque speed characteristics can be found using equation (1) and (2), where Vph is the amplitude of phase voltage at steady state, ω is the electrical speed in rad/s and Ra is the phase resistance.
Therefore, to determine the torque-speed characteristics the PM flux-linkage, the d-axis and q-axis inductances are predicted and analyzed. The method proposed in [24] is used to account for both magnetic saturation for PM flux-linkage and cross-coupling effects for inductances.
PM flux linkage
The influence of the magnetic saturation on the PM flux-linkage is investigated in this section. The magnetic flux along the d-axis (Ψd) is sum of two terms, the PM flux (Ψpm) and the flux produced by the d-axis current (Ld * Id).
The variation of the d-axis flux (Ψd) as function of the q-axis current is determined by running several FE simulations at different q-axis current values, while the d-axis current is equal to zero. Since the d-axis current is null, its correspondent flux term will result equal to zero.
Hence, the variation of the PM-flux with q-axis current is obtained. The described procedure has been repeated using 2D and 3D FEAs and the results are shown in Fig. 7 . Due to the magnetic saturation, both PM flux-linkage values decrease as the q-axis current increases. Although this trend is common for both 2D and 3D FEAs, the PM fluxlinkage predicated via 3D-FEA reduces at faster rate compared with the 2D-FEA, due to the endcaps influence. Since, the presence of permeable rotor endcaps increases the leakage flux at the front and back ends of the rotor. This effect leads to a reduction in the flux-linkage. 
Inductance
Due to the end-windings, higher inductances are observed in the 3D-FEA compared to its 2D-FEA counterpart as shown in Table 5 . 
Torque-and power-speed curves
PM flux-linkage and inductances values obtained by means of FEA have been used for plotting both torque-speed and power-speed curves, as shown in Fig. 8 .
Considering Fig. 8, 3D -FEA results provide lower torque and base speed values for the constant torque region. This outcome was expected since the PM flux-linkage predicted by 3D-FEA is lower. Additionally, a reduced power and torque can be observed in the flux weakening region. The flux weakening factor (Kfw) has been calculated by using (5), where Imax is the maximum phase current [25] . When 2D-FEA are used, the Kfw is equal to 0.95, while it boosts to 1.23 in case of 3D-FEA. The significant increase is justified by the double-action due to the low PM flux linkage and the high d-axis inductance.
Influence of rotor endcaps on electromagnetic losses and efficiency
Copper losses
In electrical machines, the DC copper losses can be quantified by using (6), where Iph is the phase current Nph is the number of turns per phase, ρcu is the copper resistivity, lc is length of the coil, As is the slot area, and Kp is the packing factor. On the other hand, AC copper losses component is obtained by modelling the individual strands and turns in one coil using 3D-FEA, as shown in Fig. 9 (a) and (b) . The AC to DC resistance ratio at different frequencies is shown in Fig. 9 (c). Fig. 10 (a) presents the core losses of the SPM machine at rated speed of 8700 rpm for several q-axis currents. At low current levels, i.e. below 60A, the core losses predicted by 3D-FEA are lower than that of the 2D-FEA due to the leakage effect, which results in lower magnetic flux density in the machine core. Conversely, at higher current levels, i.e. above 60 A, the 3D-FEA predicted core losses exceed that of the 2D-FEA [26] . This is due to the flux produced by the current flowing inside the end-windings.
Core losses
Rotor losses
The eddy currents circulating in the conductive rotor components, i.e. PMs, retaining sleeves and shaft, generate additional losses, which can be computed by using (7), where Jn is the eddy-current density in a conductive volume and σ is the material conductivity.
For each the rotor component, the eddy-current losses have been determined by using both 2D and 3D-FEAs. In case of 3D-FEA, two models, i.e. with and without endcaps, have been considered. Fig. 10 (b) shows the trend of the eddycurrent losses in sleeve, magnets and shaft for the three cases under study a b
Fig. 9. Core and rotor loss at different q-axis currents (a) core loss, (b) Rotor loss
Considering the same load condition, lower eddy current losses are observed in both 3D-FEAs compared to the 2D-FEA (see Fig. 10 (b) ). This is the result of lower leakage flux in 2D-FEA, which does not model end-paths and restrains the flux lines on a plan. Since a higher amount of "active" flux is considered by the 2D-FEA, the resulting eddy current losses are higher. In 3D-FEAs, lower eddy losses are obtained when the endcaps are neglected. Indeed, by including the endcaps within the model, a further circulating path for the current is added.
Although it is stated that computing the eddy-current loss in 3D-FEA might cause an increase in the rotor losses compared to the 2D-FEA since the induced current paths in the rotor will close at the end region leading to longer current path [27] . Lower eddy current losses are observed in the 3D-FEA when compared to the 2D-FEA, since the rotor loss is mainly due to the high order space harmonics which has small end path compared to the rotor axial length, shown in Fig. 11. a b c
Fig. 8. AC copper loss investigation (a) 3D-FEA model, (b) Flux density distribution in the coil, (c) RAC/RDC ratio verses frequency
Additionally, the PMs span is relatively small compared to the eddy current path in the axial direction. Therefore, the reduction in the losses computed by 3D-FEA compared to the 2D-FEA due to the leaked flux is higher than the additional losses due to the eddy current at end paths of the rotor. Also, the losses in the endcaps increases at high rate with the current level, since the last determine a high stator saturation forcing the magnet flux to pass through the endcaps.
SPM efficiency
The losses terms previously predicted by FEA have been employed to determine the machine efficiency at several current and speed levels, using (8), where Pcu is the total copper loss (PDC+PAC) and Pmech is the mechanical power (TeΩ).
The SPM efficiency results are summarized in Table  6 . Due to the large amount of copper losses, the influence of the endcaps on the SPM efficiency is low despite to the reduction in the mechanical power, and changes in the core and rotor losses.
Experimental validation
According to the specifications listed in Table 1 , a prototype has been manufactured and tested, in order to validate the FEA results. Fig. 12 shows the main prototype components, such as rotor, wound stator, along with the assembled machine. The test bench adopted for the experimental validation is depicted in Fig. 12 (d) . As outcome of the no-load tests, the line to line back-EMF at 19000 rpm is reported in Fig. 13 (a) , where the measured waveform is compared to the simulation results. The tested results are in good agreement with the 2D and 3D FE simulations, although the measured values of the Back-EMF are slightly low at the maximum speeds with 0.0212 ⁄ . The obtained from measurements are 5.49% and 1.77% lower than the one calculated using 2D FEM and 3D FEM, respectively. Finally, the torque-current curve has been detected and compared to the FEA results, as shown in Fig. 13 (b) . Based on the experimental results, the calculated torque constant with only q-axis current applied to the machine (Iq=80A, Id=0) is 0.123 ⁄ which is 6.95% and 2.2 % lower than the values obtained using 2D FEM and 3D FEM simulations, respectively. The measured torque is in good agreement with the calculated torque using FEM. A discrepancy is however noted as the current increases, leading to a difference between the measured and calculated torque. This is due to the saturation of the stator laminations which is giving higher flux leakage and due to the endcaps effect and end windings. Therefore, more accurate results could be achieved using 3D FEM which accounts for the end effects.
Conclusion
High-speed SPM machines require retaining sleeve and endcaps to ensure the mechanical integrity of the PMs. The effect of the endcaps has been assessed, showing a high end-effect leakage, despite the large axial length to outer diameter ratio of the machine. The influence of permeable rotor endcaps, on the electromagnetic performance of the SPM machine, is significant. When the end-effects are not taken into account, the output torque can be reduced up to 6.27%, at rated current, as shown by comparison between the 2D-FEA and experimental results. A sensitivity analysis on different magnetic stainless steel materials and B-H curves, used for the hollow shaft with endcaps, is showing that the torque is not significantly affected. In conclusion, for highspeed SPM machines with permeable shaft assembly, the predicted 2D-FEA results, i.e. not taking the permeable endcaps in consideration, are insufficient to predict accurately the machine performance. The detailed 3D-FEA analysis has demonstrated how torque and power are reducing, with respect to the 2D-FEA case, due to the inclusion of the end-effects. The extensive campaign of experimental measurement carried out on the SPM machine prototyped are validating the design, showing an excellent agreement with the 3D-FEA results, comparing back-EMF and torque with errors below 2.2%. 
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